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TECHNICAL MEMORANDUM X-152 

INVESTIGATION OF A 4.0-INCH-MEAN-DIAMETER FOUR-STAGE 

FEENTRY TURBINE FOR AUXILIARY POWER DRIVES" 

By Robert Y. Wong, David L. Darmstadt, and Daniel E .  Monroe 

SUMMARY 
5 -  

A four-stage 4.0-inch-mean-diameter reent ry  turbine f o r  auxi l ia ry  
power applications w a s  designed and investigated experimentally t o  study 
t h e  problems associated with designing a reentry turbine f o r  applica- 
t i o n s  requir ing high spec i f ic  work output and very 10.r weight flows. 

I 

The r e s u l t s  of the experimental investigation indicated that a t  
design equivalent speed and design pressure r a t i o  (55.66) t h e  equivalent 
spec i f ic  work output in a i r  was 35.95 Btu per pound a t  a t o t a l - t o - s t a t i c  
eff ic iency of 0.432. An analysis  of the subject  tu rb ine  indicated t h a t  
p a r t i a l  admission and mass-flow d e f i c i t s  due t o  r o t o r  pumping and s e a l  
leakage have an important e f f e c t  on the o v e r a l l  e f f ic iency  of t h i s  t u r -  
bine.  
The difference between the  experimental and a n a l y t i c a l  eff ic iency may 
be a t t r i b u t e d  t o  the  e f f e c t s  of mismatch in  s t a t o r  areas between the 
t h i r d  and fourth stages,  mixing losses  due t o  the e f f e c t s  of the  r e l a -  
t i v e l y  la rge  t ra i l ing-edge thicknesses used, and seal-leakage flows. 

I n  t h i s  analysis a t h e o r e t i c a l  eff ic iency of 0.519 was computed. 

INTRODUCTION # 
I n  order t o  minimize t h e  gross weight of an a u x i l i a r y  dr ive system, 

it I s  neces.sary tht the turbine extract  maximum work from each pound of 
f u e l  expended. 
l e t  t o t a l  enthalpy and high overa l l  pressure r a t i o ,  and reasonable over- 
a l l  turbine e f f ic iency  must be at ta inable .  To achieve a reasonable over- 
a l l  turbine eff ic iency under these conditions and be consis tent  with 
s t ress - l imi ted  r o t o r  blade speeds, multistaging of the  turbine must be 
employed. If a conventional full-admission design were used, the low 
weight-flow requirements of auxi l iary power turbines  would r e s u l t  i n  
i n i t i a l  stage blade heights t h a t  would be t o o  s m a l l  t o  be p r a c t i c a l .  
P a r t i a l  admission ca.n be used t o  solve the  problem of short  blade height .  
The multiple-reentry turbine a l so  appears t o  have considerable p o t e n t i a l  

Therefore, the turbine must be designed f o r  maximum in- 

. 
I. over full-admission multistage designs f o r  auxi l ia ry  power appl icat ions.  

* T i t l e ,  Unclassified. 
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This advantage stems from the  f a c t  t h a t  t h e  multistaging i s  acccanplished 
by passing t h e  flow through a s ingle  r o t o r  several  times. Changes i n  
density from stage t o  s tage a r e  compensated for with changes i n  t h e  a rc  
of admission. This makes possible p r a c t i c a l  blade heights i n  t h e  i n i t i a l  
stages.  I n  t h e  case where the  r o t o r  s t r e s s  l imits t h e  turb ine- in le t  tem- 
perature, t h e  cooling e f f e c t  on t h e  r o t o r  by the  l a t e r  stages makes oper- 
ation possible  a t  higher i n l e t  temperatures than with a conventional de- 
s ign.  The multiple-reentry turbine a l s o  has t h e  advantage of s impl ic i ty  
and possible reduction of weight of t h e  r o t a t i n g  components. 

The performance of a three-stage reent ry  turbine is  given i n  r e f e r -  
ence 1. This reference turbine was  designed f o r  a f a i r l y  low pressure 
r a t i o  (1O:l) and a moderately high weight flow as compared with design 
requirements f o r  turbines with auxiliary-power-unit applications . The 
ducting used t o  c o l l e c t  and red i rec t  the  flow at high ve loc i ty  between 
stages required a complicated fabr ica t ion  procedure t o  minimize pressure 
l o s s .  

In order t o  invest igate  t h e  problems associated with the  use of 
multiple-reentry turbines f o r  low-weight-flow, high-specific-work-output 
applications,  a four-stage reentry turbine w a s  designed and experimentally 
investigated.  The turbine w a s  designed t o  eliminate the need f o r  compli- 
cated ducting by diffusing t h e  flow a t  t h e  r o t o r  exi t  t o  a low vel'ocity 
before enter ing t h e  ducting and then accelerat ing t h e  flow i n  a conven- 
t i o n a l  s t a t o r  blade row. Further, t h e  design of the  subject turbine d i f -  
f e r s  f rom t h e  reference turbine i n  t h a t  t h e  sum of t h e  a rcs  of admission 
of the four  stages t o t a l s  approximately 262O while t h e  reference turbine 
used 360' as t h e  t o t a l  of the  arcs  of admission. 
geometry of t h e  subject turbine w a s  made t o  indicate  t h e  problem areas,  
and t h e i r  analysis  - i n  addition t o  the  r e s u l t s  of t h e  invest igat ion - i s  
presented herein.  

An analysis  of t h e  

SYMBOLS 

gravi ta t ional  constant, 32 .17  f t /sec2 

equivalent spec if  i c  work output in  a i r  , Btu/lb , 
VEr , a i r 

f l u i d  

specif ic  work output, Btu/lb 

mechanical equivalent of heat, 778  ft-lb/Btu 

equivalent speed i n  air ,  rpm 
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P absolute pressure,  lb/sq f t  

U blade veloci ty ,  f t / sec  

v absolute gas veloci ty ,  f t / s ec  

W r e l a t i v e  gas veloci ty ,  f t / s ec  

w weight-flow ra t e ,  lb/sec 

6 r a t i o  of t u rb ine - in l e t  t o t a l  pressure t o  NASA standard sea-level 
pressure,  p ~ / p *  

ad iaba t ic  e f f ic iency  for full-admission operation 

ad iaba t ic  e f f ic iency  f o r  partial-admission operation 

ad iaba t ic  eff ic iency,  r a t i o  of blade power t o  idea l  blade power 

%a 

?Pa 

VS 
based or? t o t a l - t o - s t a t i c  pressure r a t i o  

ad iaba t ic  e f f ic iency  including the e f f e c t s  of p a r t i a l  admission and 
mass-flow d e f i c i t s  due t o  s e a l  leakage and r o t o r  pumping 9, 

squared r a t i o  of c r i t i c a l  velocity at  turb ine  i n l e t  t o  c r i t i c a l  ve- @cr 
l o c i t y  at NASA standard sea-level temperature ( V c r  , o / V & ) ~  

A speed-work parameter, - Gi 
gJ 

V b lade- je t  speed r a t i o ,  urn 

0 s o l i d i t y ,  r a t i o  of chord length t o  blade spacing 

7 torque, i n .  -1b 

Subscripts:  

cr conditions a t  Mach number of unity 

i d  i d e a l  

m mean radius 

X a x i a l  d i r ec t ion  

0 s t a t i o n  at turb ine  i n l e t  

1 s t a t i o n  j u s t  upstream of t r a i l i n g  edge of f i r s t - s t a g e  s t a t o r  



3 s t a t i o n  a t  i n l e t  t o  second stage 

4 s t a t i o n  j u s t  upstream of t r a i l i n g  edge a t  second-stage s t a t o r  

6 s t a t i o n  at inlet t o  t h i r d  s tage 

7 s t a t i o n  j u s t  upstream of t r a i l i n g  edge f o r  third-s tage s t a t o r  

9 s t a t i o n  a t  i n l e t  t o  four th  stage 

10 s t a t i o n  j u s t  upstream of t r a i l i n g  edge of fourth-stage s t a t o r  

1 2  a t  discharge of turbine 

Superscripts : 

* NASA standard sea-level conditions 

I absolute t o t a l  state 

TURBINE DESIGN 

The following c h a r a c t e r i s t i c s  (based on a i r  as t h e  working f l u i d )  
P were selected as being t y p i c a l  of those f o r  an auxiliary-power-drive 

turbine: It 
Equivalent a i r  weight flow, , lb/sec . . . . . . . . . .  0.00429 
Equivalent mean wheel speed, U d s ,  f t / sec  . . . . . . . . . . .  400 

Blade height, i n .  . . . . . . . . . . . . . . . . . . . . . . . .  0.125 
Mean wheel diameter, i n .  . . . . . . . . . . . . . . . . . . . . .  4 .0  

Stage Design Character is t ics  

Stage speed-work parameters A of 0.25, 0.50, 0.50, and 0.50 were 
selected for the  f i r s t  t o  four th  stages,  respect ively.  This p a r t i c u l a r  
work s p l i t  w a s  determined from consideration of minimizing the  f irst-  
s tage mass-flow d e f i c i t  due t o  r o t o r  pumping (see  ANALYSIS OF RESULTS). 
From reference 2 and the  selected s tage speed-work parameters, s tage e f -  
f ic ienc ies  f o r  full-admission operation were obtained and then a r b i t r a r i l y  
reduced t o  account f o r  ant ic ipated Reynolds number e f f e c t s .  Stage e f f i -  
ciencies (based on t o t a l - t o - s t a t i c  pressure r a t i o )  of 0.60, 0.70, 0.70, 
and 0.70 were therefore  used i n  the  design f o r  stages 1 t o  4, respect ively.  
These e f f ic ienc ies ,  together with t h e  selected speed-work parameters, 
r e s u l t  in  stage t o t a l - t o - s t a t i c  pressure r a t i o s  of 4.332, 2.045, 2.305, 
and 2.726 f o r  stages 1 t o  4, respect ively,  with an overa l l  turbine t o t a l -  
t o - s t a t i c  pressure r a t i o  of 55.66 and o v e r a l l  blade-jet  speed r a t i o  v 



m 
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of 0.194.  An overa l l  design efficiency i s  not discussed here because of 
an t ic ipa ted  losses  t h a t  are pecul ia r  t o  reent ry  turb ines .  These losses  
w i l l  reduce the  overa l l  e f f ic iency  from t h a t  used i n  t h e  design, even 
though design veloci ty  diagrams f o r  each s tage my be establ ished.  

I n  addition t o  t h e  charac te r i s t ics  j u s t  mentioned, t h e  following as- 
sumptions were a l so  made i n  order t o  construct the s t a t o r -  and rotor-  
i n l e t  ve loc i ty  diagrams : 

(1) The axial clearance between the r o t o r  leading edge and s t a t o r  
t r a i l i n g  edge i s  zero. 
t r a i l i n g  edge i s  used t o  ca lcu la te  t h e  r o t o r - i n l e t  diagrams. ) 

(Thus, t h e  veloci ty  j u s t  upstream of t h e  s t a t o r  

( 2 )  The t o t a l - t o - s t a t i c  pressure r a t i o  of each s tage i s  taken across 
t h e  s t a t o r .  

(3) The ve loc i ty  head a t  the exit of each s tage i s  completely l o s t  
i n  d i f fus ion .  

(4)  The ro tor - in le t  and -out le t  angle i s  spec i f ied  equal t o  35'. 
The i n l e t  veloci ty  diagrams for the  s t a t o r  and r o t o r ,  constructed at the 
mean radius as described f o r  two-dimensional flow, a r e  presented i n  f i g -  
ure  1. Figure 1 shows t h a t  the  f i r s t - s t a g e  s t a t o r  i s  designed t o  operate 
with a supersonic e x i t  veloci ty  ( ( V / V c r ) l  = 1.433), while f o r  stages 2 t o  
4 t h e  s t a t o r - e x i t  absolute ve loc i ty  r a t i o s  are 1.054, 1.129, and 1 . 2 2 2 ,  
respect ively.  
are'24.7So, 21.25', 21.16', 21.50°, respectively.  
t i v e  ve loc i ty  f o r  t h e  f i r s t  s tage i s  supersonic ((W/Wcr)l = 1.178), while 
t h e  r e l a t i v e  veloci ty  r a t i o s  f o r  t h e  second t o  f o u r t h  stages a r e  0.710, 
0.558, and 0.825, respect ively.  

The ro tor - in le t  absolute flow angles f o r  s tages  1 t o  4 
The r o t o r - i n l e t  r e l a -  

Blade Design 

The f i r s t - s t a g e  s t a t o r  w a s  designed t o  give a smoothly converging 
channel t o  the  t h r o a t .  No analysis  of t h e  channel f o r  surface ve loc i ty  
d i s t r i b u t i o n  was made because of t h e  r e l a t i v e l y  l a r g e  accelerat ion of t h e  
flow. A t  the  throa t  a 2-percent area allowance was  made t o  account f o r  
boundary-layer growth. From t h e  throat ,  supersonic expansion t o  a c r i t -  
i c a l  veloci ty  r a t i o  (V/Vcr)l  of 1.433 w a s  required.  A minimum-length 
supersonic nozzle design w a s  obtained by t h e  method described i n  reference 
3. An a r e a  allowance of approximately 5 percent w a s  made between the 
throat and t h e  nozzle e x i t  t o  allow f o r  addi t iona l  boundary-layer growth. 
This w a s  accomplished by designing the nozzle for an i d e a l  supersonic 
ve loc i ty  t h a t  corresponded t o  a 5-percent l a r g e r  e x i t  area. 
t h e  dimensions of the  f i r s t - s t a g e  s t a t o r .  Presented i n  figure 2 i s  t h e  
mean-radius channel p r o f i l e  f o r  the  f i r s t - s t a g e  s t a t o r .  

Table I gives 



The s t a t o r  blades f o r  t h e  remaining s tages  were obtained by f irst  
laying out a smoothly converging channel with a blade spacing s l i g h t l y  
l a r g e r t h a n  t h a t  required f o r  t h e  second s tage .  
ness of 0.010 inch with sharp corners w a s  used. When t h e  spacing was 
reduced, a converging-diverging nozzle w a s  obtained. Reducing t h e  spac- 
ing coupled with s l i g h t  changes i n  blade o r i en ta t ion  resu l ted  i n  t h e  de- 
s i r e d  s t a t o r  blade channel f o r  each of t h e  remaining s tages .  
area allowance w a s  a l so  made for boundary-layer growth. The a rc  of ad- 
mission required f o r  each s tage was computed on t h e  assumption t h a t  t h e  

A t ra i l ing-edge thick-  
c 

A 2-percent 

veloci ty  head a t  the  e x i t  of each s tage i s  completely l o s t .  Thus, t he  
s t a t i c  pressure at t h e  exit of one s tage was  assumed equal t o  t h e  t o t a l  

! 
rF u 
C pressure at t h e  i n l e t  t o  t h e  succeeding s t a g e .  Table I presents  t h e  

blade or ien ta t ion  and spacing, a r c  of admission, number of channels, and 
th roa t  dimensions f o r  t h e  s t a t o r s .  Figure 2 presents  t h e  s t a t o r  blade 
p ro f i l e s  formGg the  mean-radius flow passages f o r  t h e  second t o  fou r th  
s tages .  The sharp corners used on t h e  t r a i l i n g  edge of t he  s t a t o r  and 
on t h e  leading and t r a i l i n g  edges of t h e  ro to r  can be noted i n  t h e  f igu re  
of t ab le  I .  

The ro to r  blade p r o f i l e s  were l a i d  out f o r  t h e  m e a n  radius  with 
zero stagger angle and with s t r a igh t - l i ne  suct ion surfaces  f r o m t h e  lead- 
ing and t r a i l i n g  edges t o  t h e  channel i n i e t  and o u t l e t ,  respect ively.  
These s t r a igh t  l i n e s  were or iented a t  35 with t h e  plane of ro t a t ion .  A 
c i r cu la r  a r c  tangent t o  both straight l i n e s  at  t h e  channel entrance and 
ex i t  was used t o  complete t h e  suction surface.  The pressure surface w a s  
obtained by using a c i r c u l a r  a r c  tangent t o  these  same flow angles a t  
t h e  leading and t r a i l i n g  edges. 
inch were used on both t h e  leading and t r a i l i n g  edges. 
imize surface ve loc i ty  peaks, a r e l a t i v e l y  high s o l i d i t y  0 of 2.5,  
which resu l ted  i n  1 2 5  blades, was used. The ro to r  blade p r o f i l e s  forming 
t h e  mean-radius channels are given i n  f igu re  2 .  The r o t o r  design speci-  
f i ca t ions  are given in t a b l e  I. 

- 
Sharp corners and a thickness of 0.005 

I n  order t o  min- 

Return-Duc t Design 

The r e tu rn  ducts were designed such t h a t  at t h e  exi t  of t h e  r o t o r  
t h e  flow i s  d i f fused  t o  low ve loc i ty  before being ca r r i ed  around t o  t h e  
s t a t o r  inlet where it i s  reacce lera ted .  This d i f fus ion  was accomplished 
by varying the  hub and t i p  r a d i i  l i n e a r l y  and i n  equal amounts so t h a t  
t h e  d i f fuser  height at t h e  e x i t  was 1 inch. Since t h e  i n l e t  height was 
0.125 inch, t h i s  gave an area r a t i o  of 8. A projec t ion  of t h e  re turn  
duct i n  t h e  r a d i a l  axial plane ( sec t ion  B-B) showing t h e  d i f fuse r  (11) 
i s  given i n  f igu re  2 .  From t h e  d i f f u s e r ,  t h e  flow i s  turned 180' and 
fu r the r  diffused by an a rea  change of approximately 2 t o  1 (111). 
t h e  t u r n ,  t h e  flow is  ducted ( I V )  t o  another 1800 t u r n  ( V )  where it i s  
accelerated by an area  reduction of 2 t o  1. From t h e  t u r n  ( V ) ,  t he  flow 
i s  accelerated ( I )  t o  t h e  s ta tor-entrance c r i t i c a l  ve loc i ty  r a t i o  of ap- 
proximately 0 . 2 .  

From . 



As discussed i n  reference 1, t h e  placement of t h e  co l l ec to r  is  im-  
portant  i n  order t o  minimize loss of working f l u i d s  between s tages ,  and 
i t s  exact loca t ion  requi res  a de ta i led  knowledge of t h e  flow pa th  through 
the r o t o r .  In  l i e u  of a de t a i l ed  study, the placement of t h e  co l l ec to r  
w a s  based on the  following simglifying assumptions. It w a s  assumed t h a t  
the  two extremes of circumferential  pos i t ion  f o r  t h e  j e t  t o  leave t h e  
plane of t h e  r o t o r  exit  were: (1) t h a t  corresponding t o  the  je t  from the  
s t a t o r  passing through t h e  r o t o r  undisturbed by r o t o r  passages or di f fu-  
s ion,  and ( 2 )  t h a t  corresponding t o  the  je t  leaving t h e  e x i t  plane of t h e  
r o t o r  if t h e  flow passed through the  rotor  undiffused and i n  an axial 
path.  These assumptions es tab l i shed  the extreme end poin ts  of t h e  flow 
pa th  at  the r o t o r  e x i t .  The center  of t he  co l l ec to r  w a s  located midway 
between these  extremes. The a r c  subtended by t h e  co l l ec to r  w a s  made 6O 
l a r g e r  than t h e  a rc  of t h e  s t a t o r  e x i t  for t h a t  s tage .  The width of the  
co l l ec to r  w a s  enlarged t o  minimize loss  of working f l u i d s  between s tages  
and t o  account f o r  spread of t h e  j e t  due t o  mixing e f f e c t s .  

A cutaway sketch of t h e  4-inch-mean-diameter four-stage reent ry  t u r -  
bine is  presented i n  f igu re  3 .  

APPARATUS, INS~UMENWTION, AND PROCEDURE 

The apparatus used i n  this invest igat ion consis ted of t h e  subject  
turbine configuration, and su i t ab le  piping and cont ro ls  t o  provide a uni- 
form inlet flow t o  the turb ine  and exhaust i n t o  t h e  laboratory a l t i t u d e  
exhaust system. The r o t o r  was coupled through a strain-gage torquemeter, 
a s l i p - r i n g  assembly, and a speed-reducing gear box t o  a hydraulic-pump 
dynamometer. 
f i gu re  4. 

A diagrammatic sketch of t he  test  r i g  i s  presented i n  

High-pressure gaseous nitrogen was chosen as a working f l u i d  f o r  t h i s  
tu rb ine  because of i t s  a v a i l a b i l i t y  at high pressures  and low dewpoint. 

Since the  s t a t o r  was designed t o  operate a t  choked conditions,  t h e  
equivalent choking w e i g h t  flow w a s  determined with a ca l ib ra t ed  rotameter 
p r i o r  t o  taking pel-fomance da ta .  The en,nisrale_n_t. choking weight flow was 
assumed constant for computing turbine performance. Turbine speed was 
measured with a magnetic pickup and a ten-tooth sprocket gear mounted on 
t h e  r o t o r  shaf t  i n  conjunction with an e lec t ronic  tachometer. 

The torque output of t h e  sha f t  was measured with a strain-gage torque- 
meter s i m i l a r  t o  t h a t  used i n  reference 4. 
w a s  measured w i t h  a s t a t i c  t a p  at a point of low Mach number where t o t a l -  
t o - s t a t i c  pressure r a t i o  can be assumed t o  be close t o  1 .0 .  

Turbine-inlet  t o t a l  pressure 

In t e r s t age  and o u t l e t  pressure measurements were made with s t a t i c  
taps  i n  the  re turn  ducts and o u t l e t  duct, respec t ive ly .  Temperatures 



.. a.. ... .. 0 .  0 0 0 .0  .. 
0 .  0 .  .. . 0 . .  0 . .  ... 
0 .  0 . .  0 . 0  a .  0 0 . 0 0  .. 0 .  . a .  . - a -  - - - - -  

I 

w e r e  measured a t  t h e  turbine i n l e t  and o u t l e t  with thermocouples placed 
i n  t h e  plenum upstream of the  f i r s t - s t a g e  s ta tor  and in  t h e  exhaust duct .  

The experimental da ta  were obtained by operating t h e  turbine over a 
L 

range of pressure r a t i o s  and speeds. I n l e t  conditions were maintained a t  
nominal values of 200 pounds pe r  square inch absolute and E O o  F. 
o u t l e t  pressure was var ied t o  give a t o t a l - t o - s t a t i c  pressure r a t i o  range 
of from 2 0  t o  100 nominally. 
percent of design speed (approx. 24,000 rpm) i n  increments of 20 percent.  

R o t o r  blade power (used t o  rate tu rb ine )  was obtained by adding 

The 

Turbine speed was varied from 40 t o  100 

bearing loss  t o  measured sha f t  power. The bearing loss  w a s  obtained by 
removing the  ro to r ,  motoring t h e  shaf t  a t  various speeds, and measuring 
bearing torque with a strain-gage torquemeter. 
5 .9  percent of t h e  measured sha f t  power a t  design speed and pressure 
r a t i o .  

The bearing power was 

UI 
0 

Turbine e f f ic iency  was computed as t h e  r a t i o  of r o t o r  blade power 
t o  idea l  r o t o r  blade power. The i d e a l  r o t o r  blade power with nitrogen 
as a working f l u i d  w a s  obtained from a temperature-entropy diagram, 
measured i n l e t  t o t a l  pressure and temperature, and o u t l e t  s t a t i c  pressure.  
The temperature-entropy diagram w a s  obtained from r e a l  gas proper t ies  pre- 
sented in  reference 5. 

Equivalent spec i f i c  work i n  a i r  AH w a s  computed by multiplying the 
equivalent spec i f i c  work in nitrogen by t h e  squared r a t i o  of t h e  c r i t i c a l  
ve loc i t i e s  i n  each f l u i d .  

RESULTS AND DISCUSSION 

The experimentally obtained performance of t h e  four-stage reent ry  
turbine i s  shown i n  f igu re  5. I n  t h i s  f igure ,  equivalent spec i f ic  work 
output &-I 
s t a t i c  pressure r a t i o  p'/p12. Lines of constant e f f ic iency  vs are 
a l s o  shown. 
equivalent spec i f i c  work output was 35.95 Btu pe r  pound and t h e  e f f ic iency  
was 0.432. 
pound per second, which w a s  3.5 percent g rea t e r  than t h e  design value of 
0.00429. The higher observed w e i g h t  flow was found t o  have r e su l t ed  
from approximately a 3-percent l a r g e r  t h r o a t  a rea  than was  designed. 

with a i r  as a working f l u i d  i s  p l o t t e d  against  t o t a l - t o -  

A t  design eQuiva1ent speed and design pressure r a t i o ,  the  

The observed choking equivalent air weight flow w a s  0.0044 

In  f igu re  6 i s  presented t h e  s ta t ic -pressure  d i s t r i b u t i o n  through 
t h e  turbine a t  design speed and design pressure r a t i o .  
pressures were measured i n  the  various r e tu rn  ducts ( I V  of f i g .  2 )  and 
a re  given as r a t i o s  t o  the  i n l e t  t o t a l  pressure.  For comparison, t he  
design s ta t ic-pressure var ia t ion ,  toge ther  with t h e  s tage pressure r a t i o s ,  
i s  shown. I n  general, t he  experimentally obtained pressure d i s t r ibu t ion  

These s t a t i c  



, 

1 
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through t h e  turbine was reasonably close t o  design d i s t r i b u t i o n  except 
f o r  the t h i r d  s tage.  This indicates  that  t h e  four th  s tage was choking 

Further, design free-stream veloci ty  diagrams were c lose ly  approximated. 
Y before d e s i m  pressure r a t i o  could be achieved across t h e  t h i r d  stage. 

The torque-speed characterLstics a t  design pressure r a t i o  f o r  the  
subject turbine a re  presented i n  f igure  7 .  
bine zero speed torque i s  twice t h a t  a t  design speed. 
var ies  l i n e a r l y  with speed. 
conventional rld.l-admission designs having sLni lar  stage-speed and 

It can be seen t h a t  t h e  tu r -  
Further,  t h e  torque 

These charac te r i s t ics  are comparable with 
2 
3 

d 
I specific-work requirements. 

ANALYSIS OF RESULTS 

The r e s n l t s  of the  experimental investigation gave an overa l l  e f f i -  
ciency of 0 .432.  This i s  noted t o  be considerably d i f f e r e n t  from an over- 
a l l  e f f ic iency  obtainable from t h e  stage e f f i c i e n c i e s  of 0.60,  0.70, 0.70, 
and 0.70 t h a t  were used i n  t h e  design. Thus, the  losses  pecul ia r  t o  re- 
en t ry  turbines  appear t o  be s ignif icant ;  and, i n  order t o  determine t h e i r  
magnitude, an analysis w a s  made. 

U 
I 

3 

'The m a l y s i s  consisted of f i r s t  obtaining t h e o r e t i c a l  ful l -abqiss ion .. e f f i c i e n c i e s  f o r  the  geometry of t h e  various stages operating at t h e i r  

sion and mass-flow d e f i c i t  due t o  rotor  pumping and s e a l  leakage. 

respect ive design ve loc i t ies  and design Reynolds numbers. 
r e t i c a l  e f f i c i e n c i e s  were then reduced f o r  the  e f f e c t s  of p a r t i a l  admis- 

overa l l  e f f ic iency  w a s  obtained and was compared with t h a t  obtained 
experimentally. 

These theo- 

0 An 

The t h e o r e t i c a l  full-admission eff ic iency f o r  the  various stages w a s  
obtained by t h e  method of reference 6 .  
r a t i o ,  r o t o r  and s t a t o r  turning angle, aspect r a t i o ,  a t i p  clearance 
fac tor ,  and a charac te r i s t ic  Reynolds number t o  predict  s tage performance 
f o r  a s t r i c t l y  impulse turbine.  Full-admission stage e f f i c i e n c i e s  v fa  
of 0.5607, 0.6559, 0.6368, and 0.6066 were predicted f o r  stages 1 t o  4, 
respect ively.  'These e f f i c i e n c i e s  a r e  ol" ihe bme oi-dei- of i r i a @ ~ ~ ~ d z  z s  
w a s  predicted by the method of reference 4, which uses speed-work param- 
eter and a Reynolds number based on blade height as the c r i t e r i a .  It 
should be noted t h a t  these e f f ic ienc ies  are somewhat lower than those 
used i n  t h e  design. 
graph i n  f igure  8 f o r  future  reference. 
reheat i s  0.683. 

This method uses blade-jet  speed 

The predicted e f f ic ienc ies  a re  p l o t t e d  i n  a bar  
The overa l l  eff ic iency including 

The e f f e c t  of p a r t i a l  admission on s tage performance w a s  evaluated 
by the method presented i n  reference 7 .  
losses ,  scavenging losses ,  and a momentum loss due t o  f i l l i n g  of the  in- 

These e f f e c t s  include mixing 

# ac t jve  gassages and emptying the active passages as they are brought i n t o  



and out of the  j e t .  The method a l s o  uses the  r a t i o  of the  length of 
s t a t o r  discharge a r c  t o  r o t o r  blade spacing as a prime var iable .  
method i s  s imilar  t o  t h a t  presented i n  reference 6 except t h a t  t h e  
momentum-loss term was increased. 
t h e  stage e f f i c i e n c i e s  f o r  partial-admission qpa operation (computed 
from full-admission e f f i c i e n c i e s  ?fa obtained e a r l i e r )  are 0.4270, 
0.5798, 0.6002, and 0.5913 f o r  stages 1 t o  4, respect ively.  These e f f i -  
ciencies are p l o t t e d  in f igure  8. Comparison of these e f f i c i e n c i e s  with 
the  calculated full-admission stage e f f ic iency  indicates  t h a t  there  i s  a 
13.37-point drop i n  f i r s t - s t a g e  e f f ic iency  because of partial-admission 
e f f e c t s .  Further, there  was a 7.61-point drop i n  e f f ic iency  predicted 
f o r  the second stage.  
dicted f o r  t h e  t h i r d  and fourth stages because of the  r e l a t i v e l y  la rge  
a r c  of admission as compared with t h e  r o t o r  blade spacing. 
a l l  eff ic iency including reheat w a s  computed t o  be 0.609, which r e f l e c t s  
a drop of 0.074 due t o  partial-admission e f f e c t s .  

This 

By use of equation (3) of reference 7,  

There were only minor decreases i n  e f f ic iency  pre- 

A new over- 

An evaluation of the  e f f e c t  of mass-flow t r a n s f e r  within t h e  turbine 
due t o  seal leakage and r o t o r  blade-passage pumping was obtained as f o l -  
lows. Rotor blade-passage pumping weight flow was computed as t h e  prod- 
uct of r o t o r  volume flow and s t a t i c  densi ty  at the  s t a t o r  o u t l e t  of t h e  
s tage.  Thus, i n  order t o  minimize f i r s t - s t a g e  pumping, t h e  s t a t o r - o u t l e t  
s t a t i c  pressure w a s  minimized by increasing the f i r s t - s t a g e  pressure 
r a t i o .  
s p l i t  described i n  "Stage Design Charac te r i s t ics  . I '  Rotor-hub seal-leakage 
weight flow was computed on the bas i s  of t h e  following model. 
hub f a i r i n g  and o u t l e t  hub f a i r i n g ,  which are separated by the  r o t o r  disk,  
form two plenum chambers t h a t  a r e  subjected t o  the  various s t a t i c  pres- 
sures of each stage.  Turbine working f l u i d s  w i l l  l eak  i n t o  or out of 
these plenum chambers, depending on t h e  s t a t i c  pressure of t h e  s tage.  
The assumption was  made t h a t  t h e  equilibrium pressure within each plenum 
i s  determined by a weight-flow balance between the  flow corning i n t o  it 
from the f i r s t  two stages and the  flow going out of the  plenum and i n t o  
t h e  l a s t  two stages.  Further, it w a s  assumed t h a t  the  area of leakage 
of a given s tage i s  proportional t o  t h e  a rc  of the r o t o r  exposed t o  t h e  
flow plus the a rc  of the divider  between t h a t  s tage and t h e  succeeding 
s tage .  A flow coef f ic ien t  of 0.35 w a s  used t o  compute the  seal-leakage 
weight Plow. This coef f ic ien t  w a s  se lec ted  from f igure  82 of reference 
8.  
f o r  a clearance of 0.0045 inch; the  upper l i m i t  was selected because t h e  
par t icu lar  s e a l  design appears t o  have been l e s s  than optimum. A well- 
designed s e a l  would have resu l ted  i n  s e a l  weight flow of about one-half 
of t h a t  for the  design used herein.  

Increasing t h e  f i r s t - s t a g e  pressure r a t i o  r e s u l t e d  i n  t h e  work 

The i n l e t  

In  t h i s  figure a range from approximately 0.2 t o  0.35 i s  presented 

The rotor-pumping and seal-leakage weight flows computed as j u s t  
described a r e  presented i n  t a b l e  I1 as the  percent of tu rb ine- in le t  
weight flow. In  t h i s  tab le  t h e  negative values indicate  a removal of the 
flow from t h e  stage, and pos i t ive  values ind ica te  t h a t  the Ilow di rec t ion  
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i s  i n t o  t h e  s tage.  It can be seen t h a t  t h e  rotor-pumping weight flow 
var ies  from 35.2 t o  3.7 percent of t he  turb ine- in le t  weight flow. Seal- 
leakage weight flow var ies  from 2.0 t o  5.6 percect of t u rb ine - in l e t  
weight flow. The e f f e c t  of ro to r  pumping and s e a l  leakage on s tage  per- 
formance i s  obtained f o r  t h e  f i r s t  two stages from t h e  partial-admission 
e f f i c i enc ie s  previously computed and from t h e  following equation: 

S t a to r  weight flow - Seal flow at ro to r  entrance 
Turbine-inlet weight flow 

- Vw - Vpa 

I n  t h e  case of t h e  t h i r d  and four th  stages, t h e  s e a l  flow enter ing t h e  
s tage upstream of t he  ro to r  w a s  considered t o  do no work i n  t h a t  stage; 
therefore ,  only t h e  s ta tor  weight flow w a s  used i n  t h e  following equation: 

S t a to r  weight flow 
Turbine-inlet weight flow 

The e f f i c i enc ie s  computed f o r  stages 1 ts 4 are 0.409Zj 0.5310, 
0.4355, and 0.4990, respect ively,  and are p l o t t e d  i n  figure 8.  It i s  
seen t h a t  weight-flow l o s s  i n  t h e  f i r s t  s tage  r e su l t ed  only i n  a minor 
change ( 1 . 7 8  po in t s )  in ef f ic iency .  For t he  second s tage there  w a s  a 
reduction of 24.88 eff ic iency poin ts  because of seal-leakage and ro tor -  
pumping weight flow. I n  t h e  t h i r d  and fourth sittges 17.47 z d  e.23  ef- 
f ic iency  poin ts  were l o s t . ’  The overal l  e f f ic iency  including reheat  w a s  
reduced by 0.090 t o  0.519 by the  e f fec ts  of mass-flow loss  r e su l t i ng  
from r o t o r  pumping and sea l  leakage. Comparison of t h i s  e f f ic iency  with 
t h a t  obtained f o r  full-admission operation (0.683) indicated t h a t  t h e  
losses  pecul ia r  t o  t h i s  type of reentry turb ine  are s ign i f i can t .  
t he r ,  a comparison of the  f i n a l l y  computed ove ra l l  e f f ic iency  (0.519) 
with that obtained experimentally (0.432) indicated t h a t  there  are s t i l l  
o ther  s ign i f i can t  losses  which have not been considered. Some of these  
losses  can be a t t r i bu ted  t o  t h e  mismatch between t h e  s t a t o r  t h roa t  area 
of t he  t h i r d  and four th  s t ages .  Another f a c t o r  t o  be considered i s  t h e  
r e l a t i v e l y  t h i c k  ro to r  and s t a t o r  t r a i l i n g  edges t h a t  produce th icker  
blade wakes and, i n  turn,  increase the mixing lo s ses .  Further,  t h e  nomen- 
tizi losscc ~ ~ s c c ? c ? i t ~ d -  w t t h  t he  seal-leakage flow i n t o  t h e  t h i r d  and fou r th  
s tages  may a l so  have been a f a c t o r .  

Fur- 

SUMMARY OF RESULTS 

The r e s u l t s  of t he  invest igat ion of t h e  4.0-inch-mean-diameter four- 
s tage reent ry  turbine can be summarized as follows. 

A t  design equivalent speed and design pressure r a t i o ,  an equivalent 
work output i n  a i r  of 35.95 Btu per  pound w a s  obtained a t  a to t a l - to -  
s t a t i c  e f f i c i ency  of 0.432. A t  t h i s  operating condition, design pressure 
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d i s t r ibu t ion  through t h e  s tages  was obtained with t h e  exception of t h e  
th i rd-s tage  ex i t .  

An ana lys i s  of t he  subject tu rb ine  indicated t h a t  t h e  losses pecul iar  P 
t o  t h i s  type of r een t ry  turb ine  can s ign i f i can t l ;  reduce t h e  ove ra l l  ef-  
f i c i enc ie s .  Pena l t i e s  i n  e f f i c i e n c i e s  f o r  t h i s  u n i t ,  as a r e s u l t  of 
partial-admission e f f e c t s  and mass-flow d e f i c i t s  due t o  r o t o r  pumping and 
s e a l  leakage, were computed t o  be  0.074 and 0.090, respec t ive l ) ,  with an 
ove ra l l  e f f i c i ency  of 0.519. CompariJon of t h i s  ove ra l l  e f r i c i ency  with 
t h a t  computed f o r  full-admission operation ( 0 . t  5 )  Y 
two losses  associated with t h i s  reentry tu rb ine  a re  s i g n i f i c a n t .  "he cn 

indicaces t h a t  these  

d i f  1 erence between t h e  computed o v e r a l l  eff ic iency (0.519) and t h a t  ob- 
t a ined  experimentally ( 0 . 4 3 2 )  may be a t t r i b u t e d  t o  the  e f f e c t s  of mismatch 
between t h e  s t a t o r  th roa t  areas o€ t h e  t h i r d  and fou r th  stages and l a rge  
trail ing-edge blocka{:es, as wel l  as nonientur;, losses  associated with t h e  
seal-leakage flow in to  the  t h i r d  and €ourth s tages .  
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Spec i f i ca t ions  

a 
t ,  i n .  
s ,  i n .  
Number of passages 
Percent  a r c  o f  
sdmi :s s ion  

. . ... 0 .  ... 0 .  0. .  . 0..  . 0 .  0 .  . 
a .  0 .  0 .  . ... 
a .  .e. 0 . .  . e .  :": 

Stage 

1 2 3 4 

24'45 21'15 21'10 2lo3O 
0.102 0.150 0.107 0.085 
0.314 0.384 0.336 0.280 

1 3 7 19 
2.5 9.2 18.7 42 .3  

TABLE I. - BLADE DESIGN INFORMATION 

Firs t-s  tage  s t  a tor  Second t o  four th-s tage  s t a t o r  

Rotor  b l a d i n g  

r35o 

0.250" x 
c 



. 

Rotor flow 

t 

Seal  flow N e t  f l o w  

w 

e x i t  

TABU 11. - COM€'VE3D LEAKAGE LOSSES W I T H I N  TURBINE 

i n t o  
co l l ec to r  

Weight 
flow i n to  
s t a t o r  

100.0 -35.2 

-16.6 

-8.3 

-3.7 

60.5 

-3.8 60 :5 

-3.2 72.5 

1.6 84.4 

5.4 100.0 

72.5 

84.4 

Seal  flow 
a t  r o t o r  
entrance 

-4.2 

-3.4 

2.0 

5.6 

I n  

3.7 

35.2 

16.6 

8.3 
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u/vcr,lo = 0.512 

Figure  1. - Design veloci . ty  diagrams for 4-inch-rnenn- 
d iameter  four -s tage  r e e n t r y  t u r b i n e .  
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Figure 6. - In te rs tage  static-pressure 
d i  s t ri b ut ion. 
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Figure 7 .  - Variat ion of torque with speed a t  approximately 
design pressure r a t i o .  
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Effec t  of conventional turbomachin- 
ery losses  on subjec t  turbine con- 
s idered as full-admission turbine 

0 Partial-admission e f f e c t  
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4 Overall  
Stage 

- Predicted e f f ic iency  based on 
o v e r a l l  t o t a l - t o - s t a t i c  pressure r a t i o .  

NAS4 - Langley Field, Va. E-4.50 
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